As a member of short-chain fatty acids, acetate exhibits anti-inflammatory capacity. The present study aimed to investigate the effect of acetate on lipopolysaccharide (LPS)-induced acute lung injury (ALI) and explored its underlying mechanism.
Background
Acute respiratory distress syndrome or acute lung injury (ALI) is a progressive clinical syndrome defined by acute hypoxemic respiratory failure with bilateral pulmonary infiltrates consistent with edema [1] . Despite progress in the early diagnosis and supportive therapy, mortality rates for patients with ALI remains high [2] , and there is an urgent need for extensive research on its pathogenesis and management. The pathogenesis of ALI is associated with excessive inflammatory response, inflammatory cell accumulation, cytotoxic mediators release, pulmonary vasculature permeability increase, alveolar capillary barrier dysfunction, and oxidative damage [3, 4] . As an outer membrane component of gram-negative bacteria, lipopolysaccharide (LPS) is known to induce the influx of neutrophils and macrophages, and induce the release of pro-inflammatory cytokines in lungs [5, 6] . Therefore, LPS-induced ALI is the most widely used animal model of ALI [7] .
Acetate is a metabolite that anaerobic bacteria release into the lumen of the gut, which is then absorbed by intestinal epithelial cells and distributed to the peripheral capillaries [8] . In recent years, it was found that acetate can play a crucial role in regulating cell signaling pathways in the immune system [9] [10] [11] . In germ-free mouse models of diseases, aggravation of the inflammatory response was found to be partly associated with a lack of gut microbiotas that generated acetate [12] . In addition, the anti-inflammatory effects of acetate have been extensively studies in inflammatory bowel diseases [13] . In a rat model of neuroinflammation, acetate administration was found to attenuate LPS-induced neuroglia activation and inhibit immunoreactivity [14] . In a model of head trauma, acetate also showed neuroprotective effects [15] . However, whether acetate regulates LPS-induced ALI in mice remains unclear. Therefore, the aim of our study was to explore the regulatory effect of acetate on inflammation in LPS-induced ALI in mice.
In this study, we evaluated the effects of acetate on LPS-induced ALI and investigated the underlying mechanism. The histopathology change, pulmonary vasculature permeability, immune cells counting, and inflammatory cytokine levels in lungs and bronchoalveolar lavage fluid (BALF), as well as oxidative stress damage, were assessed.
Material and Methods

Mice
Healthy male C57BL/6 mice (8-10 weeks old, weight 20-25 g) were obtained from Shanghai SLAC Laboratory Animals Center (Shanghai, China). Mice were housed in a 12-hour light-dark cycle environment, with free access to water and food. The animal experiments were approved by the Scientific Investigation Board of Naval Medical University.
Animal model
To establish the ALI model, mice were randomly assigned to one of 4 groups (in each group, n=10). The groups were: 1) the control group, 2) the acetate group, 3) the LPS group, and 4) the LPS and acetate group. Mice were anesthetized with sevoflurane and the trachea was exposed by ophthalmic scissors and forceps. Then, LPS (Escherichia coli O111: B4; Sigma; 5 mg/kg) was injected into the trachea using 100 µL micro syringe to induce ALI [7] . Mice in the control group and the acetate group received equal volume of phosphate buffer saline (PBS). Then, all mice were placed in cages and kept breathing spontaneously. Thirty minutes after the challenge of LPS or PBS, mice were intraperitoneally injected with PBS or acetate 400 µL (250 mM). In previous research, rats were given intraarterial infusions of acetate at 20 μmol/kg/minute for 2 hours (total dosage 2.4 mmol/kg) [16] . Therefore, we used the dosage of acetate at 4 mmol/kg based on the guidance of dose conversion between species [17] . Increased volume load could aggravate the severity of lung injury. To minimize this influence, we adjusted the volume to 400 μL by intraperitoneal injection. Six hours after LPS administration, the mice were sacrificed by CO 2 inhalation, and then lung tissue and BALF were obtained.
Histopathology
Left lung samples were harvested 6 hours after LPS treatment, infused with 4% paraformaldehyde solution for at least 48 hours, then paraffin embedded. Sections of 4-5 μm thickness were stained with hematoxylin and eosin; the severity of lung injury was assessed as previously described [18] . The severity of lung injury was scored based on 4 items: alveolar congestion, hemorrhage, neutrophil infiltration in alveolar cavity, and thickness of alveolar wall. Each item was classified into 5 grades depending on the severity of damage: 0 for minimal damage, 1 for mild damage, 2 for moderate damage, 3 for severe damage, and 4 for maximal damage.
Lung wet-to-dry (W/D) weight ratio
Right lungs were excised 6 hours after treatment with LPS, and wet weights were recorded. Then the lung lobes were placed in an oven at 80°C for 72 hours to obtain dry weights. Lung wet/dry (W/D) weight ratios were calculated to assess lung edema.
Myeloperoxidase (MPO), malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) measurements
The left lobe of the lung of each mouse was weighed and then homogenized to a 10% suspension. The homogenates were centrifuged at 12 000 rpm for 10 minutes at 4°C, and supernatants were collected for further analysis. Myeloperoxidase (MPO), malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) measurements in lung tissue samples were measured with specific commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). MPO activity, MDA level, SOD activity, and GSH-Px activity were expressed as unit/g of wet tissue, nmol/mg protein, unit/mg, and unit, respectively.
Evans blue staining of lung samples
Evans blue accumulation in the lung tissue was evaluated as described previously [19] . In brief, mice were injected with 25 mg/kg Evans blue via the tail vein 6 hours after LPS administration; then 2 hours later, the lungs were perfused with PBS containing heparin. Then, the left lobe of the lung was excised, weighed, and homogenized. Evans blue in the lung tissue was extracted and quantitated by spectrophotometry.
Bronchoalveolar lavage fluid (BALF) analysis
Mice were sacrificed 6 hours after LPS treatment. BALF samples were obtained by intratracheal lavage with 1 mL ice-cold PBS. Then the fluid samples were centrifuged at 1500 rpm for 10 minutes. Cells in BALF samples were collected and stained with anti-F4/80-FITC (eBioscience, San Jose, CA, USA) to detect macrophages or incubated with anti-Ly6G-PE (eBioscience, San Jose, CA, USA) and anti-CD11b-APC (eBioscience, San Jose, CA, USA) for neutrophil detection by flow cytometry. Flow cytometry data was acquired on a FACS Canto II flow cytometer (BD Bioscience, San Jose, CA, USA) and analyzed with the FlowJo software, version 7.6.1 (Tree Star, Ashland, OR, USA). Tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-6 levels in BALF were measured by enzyme-linked immunosorbent assay (ELISA) (R&D system, Minneapolis, MN, USA) according to the manufacturer's instructions. Total protein concentration in the supernatant was measured using the bicinchoninic acid (BCA) assay method (Thermo Scientific, IL, USA). Lactate dehydrogenase (LDH) activity in BALF was detected using the LDH Cytotoxicity Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).
Real-time polymerase chain reaction (PCR)
RNA in the right lower lobe was extracted with TRIzol reagent (Takara Biotechnology, Dalian, China) according to the manufacturer's instructions. Reverse-transcription was performed with a PrimeScript RT reagent kit (Takara Biotechnology, Dalian, China). Real-time polymerase chain reaction (PCR) was performed using SYBR green master mix (Takara Biotechnology, Dalian, China) on a 7900 Real-time PCR system (Applied Biosystems, Foster City, CA, USA). The primers used for realtime PCR are shown in Table 1 .
Western blot analysis
Six hours after the LPS challenge, the right upper lobe of the lung was homogenized in protein extract solution and protease inhibitors (Beyotime Biotechnology, Shanghai, China). Then, the protein concentration was evaluated by the BCA protein assay kit (Thermo Scientific, IL, USA). Equal amounts of protein were loaded on a 10% SDS-polyacrylamide gel and transferred into a polyvinylidene difluoride membrane. Then, the membranes were blocked with 5% BSA (bovine serum albumin) and incubated with antibodies. Protein bands were demonstrated by enhanced chemiluminescence western blot kit (Thermo Scientific, IL, USA).
Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software Inc., CA, USA). Two-tailed student's t-test and one-way analysis of variance (ANOVA) were used for 
Results
Acetate ameliorated LPS-mediated histopathologic changes in the lung
In the present study, we assessed whether acetate could alleviate pathological damage to the lung in LPS-induced ALI. Six hours after LPS challenge, mice were sacrificed by CO 2 inhalation, and lung tissues were harvested for hematoxylin and eosin staining. In the LPS-treated group, inflammatory responses, including interstitial edema, thickened pulmonary septum, and inflammatory cell infiltration were observed microscopically. These pathological changes in acetate-treated mice were significantly attenuated (Figure 1 ). These findings indicated that acetate could ameliorate histopathological damage due to LPSinduced lung injury in mice.
Acetate inhibited the permeability of the alveolar-capillary barrier in LPS-induced ALI
The lung W/D weight ratio, Evans blue leakage in lung tissues, and total protein concentration in BALF are used in studies to reflect pulmonary edema and the dysregulation of alveolar-capillary barrier function [20, 21] . As shown in Figure 2A and 2B, in our study, acetate alleviated the increased lung W/D weight ratio and protein concentration in BALF. Evans blue dye was used to assess pulmonary vascular permeability. Compared with the LPS-treated group, quantitative analysis of Evans blue leakage from the vessels into lung tissues in our study showed lower dye accumulation in the acetate-treated animals ( Figure 2C ). LDH activity in BALF can reflect the severity of lung damage [7] . As shown in Figure 2D , in our study, LDH activity was remarkably increased after LPS treatment, and alleviated by acetate administration. Taken together, our study data suggested that acetate could ameliorate alveolar-capillary barrier damage in ALI. 
Acetate reduced inflammatory cell accumulation in LPSinduced ALI
LPS instilled intratracheally and alveolar-capillary barrier disruption could induce the recruitment of inflammatory cells, especially neutrophils. The migration of neutrophil is one of the core mechanism in ALI. These cells release pro-inflammatory cytokines which also damage the alveolar-capillary barrier and aggravate lung injury [22] . Therefore, in our study, we assessed whether acetate played a role in LPS-induced inflammatory cell infiltration. As shown in Figure 3A -3C, LPS increased the count of total cells, neutrophils, and macrophages in BALF, and these cell counts were reduced dramatically in mice administered with acetate. To further explore the effect of acetate on cell infiltration, we assessed MPO activity; the results showed that administration of acetate reduced MPO activity in LPS-induced ALI ( Figure 3D ). These results indicated that acetate inhibited inflammatory cell recruitment in ALI.
Acetate reduced LPS-induced inflammatory cytokines
Next, we assessed the production of cytokines in lung tissue and BALF. The results showed that LPS significantly enhanced TNF-a, IL-1b, and IL-6 levels in lungs and BALF. These cytokines were significantly reduced by treatment with acetate ( Figure 4) ; however, the production of IL-10 was not affected by acetate (Supplementary Figure 1) . Subsequently, the mRNA levels of pro-inflammatory cytokines in lung tissues were detected to further evaluate the anti-inflammatory effects of acetate. The mRNA levels of TNF-a, IL-1b, and IL-6 were significantly increased in the LPS group, and this effect was inhibited by acetate administration (Figure 5A-5C ). We also found that acetate could reduce the mRNA expression of chemokines (CXCL-1, CCL-2, and COX-2) induced by LPS (Figure 5D-5F ). These findings indicated that acetate suppressed the production of inflammatory mediators in LPS-induced ALI.
Acetate inhibited oxidative stress in LPS-induced lung injury
MDA expression, SOD activity, and GSH-Px levels were measured in lung tissues to assess oxidative damage. Compared with the control group, MDA levels were higher in the LPS-treated animals, and acetate could alleviate MDA expression ( Figure 6A ). The results also showed that SOD activity and GSH-Px levels in lung tissues were inhibited by LPS challenge, while acetate could reverse these changes ( Figure 6B, 6C) . These results indicated that acetate alleviated oxidative damage in LPS-induced lung injury.
Acetate inhibited LPS-induced mitogen-activated protein kinase (MAPK) pathway activation
Finally, we assessed the phosphorylation levels of mitogen-activated protein kinase (MAPK) pathway in lung tissues to explore the molecular evidence of the anti-inflammatory effects of acetate. The results showed that the phosphorylation levels of ERK and p38 increased significantly after LPS challenge, and acetate administration alleviated these effects ( Figure 7 ).
Discussion
ALI is a common syndrome characterized by extensive interstitial and alveolar edema. Along with other disease progresses, ALI could progress to acute respiratory disease syndrome, which is associated with a high mortality [23] . Administration of LPS intratracheally has been utilized to explore preventive or therapeutic strategies in ALI [24] . Moreover, Kolomaznik et al. [25] reported that LPS could interact with surfactant specific proteins directly or effect alveolar type II cells, which could lead to serious clinic issues. Acetate participates in many biological processes such as cell proliferation, immune response, and even tumorigenesis [26] .
We found that acetate protected mice against LPS-induced ALI through its anti-inflammatory effect. First, acetate remarkably improved histological manifestations, lowering the pathological score. Consistently, LDH activity, which is an index of cell damage, was inhibited by acetate. Second, our study results indicated that acetate alleviated exudation in the alveoli. Pulmonary edema, featured by increased permeability of the pulmonary capillary and neutrophil infiltration, is common in ALI [27] . To evaluate edema severity, the W/D weight ratio and total protein in BALF were assessed in our study. Compared with the LPS group, protein concentration and the W/D weight ratio in the acetate-treated group were remarkably decreased. Similarly, BALF from acetate-treated mice showed noticeably less inflammatory cell infiltration. MPO is an index reflecting neutrophil margination and adhesion [28, 29] . As expected, LPSinduced ALI in our study was accompanied by elevated MPO activity in lung tissues. Interestingly, MPO activity in lung tissues decreased after acetate treatment, which is consistent with the reduction of neutrophil infiltration. Finally, acetate suppressed the production of pro-inflammatory cytokines in LPS-induced ALI. Pro-inflammatory cytokines, including IL-6, IL-1b, and TNF-a, have been shown to play crucial roles in LPS-induced ALI [30] . Excessive pro-inflammatory cytokines are usually linked with organ dysfunction [31] . In our study, acetate suppressed the production of pro-inflammatory cytokines in lung tissues and BALF, but did not regulate the production of anti-inflammatory cytokine like IL-10, which indicated the anti-inflammatory effect of acetate was not intermediated by IL-10 signaling. Besides, the gene expression of these inflammatory cytokines in lungs were similar to the protein level. The MAPK pathway has been shown to be an essential part of signal transduction in LPS-induced ALI [32] . To explore the underlying mechanism, we assessed the phosphorylation levels of the MAPK pathway. We found that acetate markedly decreased the phosphorylation levels of several members of the MAPK pathway like ERK and p38. Taken together, these results confirmed the protective effects of acetate on LPS-induced ALI.
Besides the anti-inflammatory effect, acetate also exerted a protective effect through its anti-oxidant ability. Oxidative stress is a common pathogenic mechanism in LPS-induced ALI [29] . It is known that reactive oxygen species (ROS) exhibits a dual function in ALI. On the one hand, ROS promotes pathogen clearance, but on the other hand, it induces cell apoptosis and alveolar-capillary barrier damage [33] . Liu et al. [34] demonstrated that acetate protected mice against ethanol-induced acute gastric mucosal lesion through its anti-oxidant ability. As shown in our study, acetate decreased MDA levels and increased SOD activity and GSH-Px in lung tissue.
As a member of short-chain fatty acids (SCFAs), acetate is an important type of metabolite. Although intestinal microbes are the main source of acetate, the biological effects of acetate are not limited to the intestine [35] . Previous studies revealed the crucial regulatory role of acetate in metabolism and inflammation. The anti-inflammatory effects of acetate have been previously reported [34] . The level of acetate in the blood is not sufficient to exert its biological activities, however, it has been reported that these inflammatory responses could enhance the production of SCFAs [36] . Therefore, we inferred that increased acetate is a part of the inherent reactions when the immune system responds to pathogenic stimuli. Our study results showed that acetate exerted a protective effect on ALI, including alleviating pulmonary edema, decreasing oxidative damage, and downregulating pro-inflammatory cytokines.
It is well-known that acetate activates the cell-surface receptor GPCRs to modify biological processes in cells. GPR43 and GPR41 are regarded as the receptors of acetate [37] . Acetate could activate NLRP3 inflammasome via GPR43 [38] . Smith et al. [11] reported that SCFAs bind to GPR43 and modulate the proliferation and function of regulatory T cells in the colon. Therefore, GPR43 might be involve in the protective effect of acetate; further research is needed to address this.
Except for activating GPCRs, acetate is known as a histone deacetylase complex (HDAC) inhibitor, which could promote histone acetylation and contribute to its anti-inflammatory effects [39] . Soliman et al. [40] found that acetate inhibits histone deacetylase activity and possibly effects neuro-inflammatory cascade. Tao et al. [41] reported that acetate promoted the function of FOXP3 + Treg by inhibiting HDAC9 activity to alleviate ulcerative colitis. Zhang et al. [42] discovered that HDAC inhibitor could be beneficial during sepsis-induced ALI. Similarly, the interaction between acetate and HDAC6 has provided new therapeutic strategies for clostridium difficile infection [43] . In contrast, acetate increases the susceptibility of human CD4 + T cells to human immunodeficiency virus (HIV)-1 infection [44] . Further study is needed to determine if acetate exerts its protective effects by promoting histone acetylation.
There were some limitations in our study. First, although we revealed the protective effects of acetate on LPS-induced ALI, the underlying molecular mechanisms are still poorly understood, which will be one of the focuses in our future research. Second, we only detected inflammation-related indicators at 6 hours after ALI, and we only used one dose of acetate (250 mM). If we had further evaluated other dose of acetate or other time points, the study results would have been more scientific and persuasive.
Conclusions
This study demonstrated that acetate protects mice against LPS-induced ALI in vivo by alleviating inflammatory responses. Acetate exerts protective effects via its anti-inflammatory and anti-oxidative ability. These findings may provide novel insights into the biological functions of organic acids such as acetate.
